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ABSTRACT
We constructed a cosmid vector, pOCA18, designed for transferring plant genomic libraries from
Agrobacterium tumefaciens to plants. Clones from a genomic library of Arabidopsis ,taliana
DNA in pOCA18 were propagated stably in both Escherichia coi and A. tumefaciens. Clones
from the pOCA18 A. ,thaliana library were used to construct transgenic Nicotiana tabacum plants;
the DNA inserts were transferred intact in 10 out of 16 transgenic N. tabacum plants examined
but were partially deleted in six others. Transgenic N. tabacum plants constructed with a mutant
A. thaliana acetohydroxy acid synthase gene (from the pOCA18 library) that encodes an enzyme
resistant to the herbicide chlorsulfuron were resistant to chlorsulfuron. A statistical analysis
indicated that if the A. thaliana library contains 107 members and if 107 A. tumefacien
transconjugants containing the library were used to transform plant cells, then 2 x 104
transformed plant cells must be generated to have a 95% probability of constructing a transgenic
plant carrying a specific DNA sequence from the A. thaliana library.

INTRODUCTION
Molecular cloning of genes from microorganisms is frequently facilitated by the ability to identify
a specific gene from a genomic library by selecting for clones that phenotypically complement a
mutant phenotype. This approach has not been used with multicellular eukaryotes because of the
difficulty in obtaining sufficient numbers of transgenic organisms. However, recent progress in
techniques designed to transfer DNA to plants suggests that cloning genes by phenotypic
complementation of mutants should be feasible. This contention is supported by the recently
reported success in rescuing a model gene encoding kanamycin resistance from the Arabidopsis
thaliana genome by selecting for kanamycin resistant transgenic plants following "shotgun
transfer" of a genomic library into Petunia cells (1).

A. thaliana has the smallest recorded genome of any plant, 7 x 107 bp (2), making A.
thaliana an ideal source of genes for use in phenotypic complementation strategies. Moreover, it
has recently been shown that A. thalian can be used as a recipient host for Agrrobacterium
tumefaciens-mediated transformation (3).

Vectors designed to transfer DNA to plant cells have generally taken advantage of the
relationship between the bacterial phytopathogen, A. tumefaciens, and its host plants. During
pathogenesis, A. tumefaciens transfers a portion of its genome (T-DNA or transferred DNA) into
the host plant's genome. In A. tumefaciens, T-DNA is located on the Ti or "tumor inducing"
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plasmid; the Ti plasmid also contains a set of virulence (viri genes required in trans for transfer of
the T-DNA to plant cells (4,5,6). The T-DNA is flanked by 25 bp imperfect direct repeats called
borders (for review see 7); the right border and an adjacent region located outside of the T-DNA,

called "overdrive", are required for efficient transformation to occur (8,9,10,11,12). The left and
right borders function in cis to delimit the DNA that is transferred.

Normally, expression of T-DNA genes in the plant host causes neoplastic tumor

formation at the site of infection (for a recent review, see ref. 13). However, the intervening T-

DNA sequences between the left and right borders are not required for DNA transfer to the plant
cell and can be replaced by foreign DNA. Based on this observation, several plant
transformation vectors have been constructed that lack intervening T-DNA genes but contain the
T-DNA borders on a broad-host-range replicon (e.g., refs. 4,14,15). These vectors (called
"binary" vectors) replicate in both E. coli and A. tumefaciens and can be mobilized between

them. The DNA between the T-DNA borders of the binary vector is transferred at high
frequency into a suitable plant host from an A. tumefaciens strain containing the vir genes on a

mutagenized Ti plasmid in which the T-DNA has been deleted.
In this paper we describe the construction of a new binary vector, pOCA18, specifically

designed for constructing genomic plant libraries. We showed that: 1) An A. thaliana genomic
library constructed in pOCA18 and containing 20 kb inserts was stable in both E. coli and A.
tumefaciens. 2) A. thaliana inserts in pOCA18 were transferred from A. tumefaciens into
Nicotiana tabacum. 3) A pOCA18 A. thaliana genomic clone containing an herbicide-resistant
acetohydroxy acid synthase gene conferred herbicide resistance to N. tabacum. In addition, we

present a statistical analysis demonstrating that the problem of statistical dispersion occurring
during transfer of libraries from E. coli into A. tumefaciens and during the subsequent transfer
into plant cells (16) can be minimized by increasing the size of both the original genomic library
and the number of A. tumefaciens exconjugates used to generate transgenic plants.

METHODS
Bacterial strains and media

All E. coli strains used, HB101 (17), SM10 (18), MC1061 (19) and MM294(pRK2013) (31)
were grown on LB media (20). A. tumefaciens strain LBA4404(pAL4404) (21) was grown on
Min A media (22) supplemented with 0.2% glucose and 100 1ig/ml rifamycin. A. tumefaciens
strain EHAlOlA is a chloramphenicol-resistant isolate of EHA101(pEHA101) (23). EHAlOlA
was grown on modified LB media (0.5% NaCl) containing 50 gg/ml chloramphenicol. A.

tumefaciens and E. coli strains containing pOCA18 or derivatives ofpOCA18 were selected
using 2.5 and 10 gg/fml of tetracycline, respectively.
Construction of pOCA18
pOCA18 was constructed using standard techniques (20). The region of pOCA18 enlarged in

Fig. 1 was cloned into the unique EcoRI site ofpRK290 (24); during this process the EcoRI site
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was destroyed. The left border region is a synthetic oligonucleotide containing the octopine Ti-
plasmid left border sequence (7). The oligonucleotide was synthesized with an EcoRI compatible
end that does not regenerate an EcRI site when cloned into an EcoRI site; the other end is a

KIpn sticky end. The chimeric NOS:NPTI:OCS gene was constructed by ligating the NOS
promoter from pLGV23neo contained on a 303 bp BclI fragment (25) to a 1.1 kb BclI to Apal
fragment from pLGVneol 103 (26). The ends of the NOS:NPTL:OCS gene were changed to
ClaI and KpnI ends by the addition of linkers. The cos site from bacteriophage lambda was
cloned between the SalI and PstI sites of nAN7 (27) as a 343 bp SfaNI to HincdI fragment (.
positions 48359 to 200) following the addition of SalI linkers to the SfaNI end and PstI linkers to
the HincdI end. The right border fragment containing "overdrive" was purified from pLGV23neo
as a 1.1 kb BclI to Hindi fragment and cloned between the Bg11I and HinduI sites of 7EAN7.
irAN7 containing the cos site and right border was linearized by digestion with HindI and
cloned between the HindIII and XI sites to complete pOCA18.
Isolation of A. thaliana genomic DNA
Nuclei were purified from 4 week old A. thaliana plants, line GH50 (28) by a modification of the
method of Olszewski et al. (29). One hundred grams of leaves were washed with cold distilled
H20 and chilled to 00C. All of the following steps were carried out at 20C to 40C unless
indicated. The tissue was chopped into small pieces, submerged in diethylether for 3 min, rinsed
with cold distilled H20, homogenized in 3 volumes of nuclei isolation buffer (1 M sucrose, 10
mM Tris-HCl (pH 7.2), 5 mM MgC92, 10 mM 2-mercaptoethanol, 400 gg/ml ethidium bromide)
with a Brinkman Polytron PT20ST (Brinkman Instruments, Inc., Westbury, NY), and filtered
through four layers of cheesecloth and one layer of Miracloth (Calbiochem-Behringer, La Jolla,
CA). Inclusion of ethidium bromide in the isolation buffer reduced DNA degradation (30). The
homogenate was subjected to centrifugation at 9,000 RPM for 15 min in a Beckman JA-10 rotor.
The pellet was resuspended with a Dounce homogenizer in 50 ml of nuclei isolation buffer
containing 0.5% Triton X-100, and subjected to centrifugation at 8,000 RPM for 10 min in a JS-
13 rotor. This step was repeated except that the centrifugation step was at 6,000 RPM. The
pellet was suspended in 10 ml nuclei isolation buffer containing 0.5% Triton X- 100, layered over
two discontinuous Percoll (Pharmacia Inc., Piscataway, NJ) gradients constructed in 30 ml
Corex tubes containing 5 ml each of 35% and 60% (v/v) Percoll buffer (34.2 g sucrose, 1 ml 1M
Tris-HCl (pH7.2), 0.5 ml 1M MgC92, 34 gl 2-mercaptoethanol, and Percoll to 100 ml) in nuclei
isolation buffer, and subjected to centrifugation in a JS-13 rotor at 8,000 RPM for 20 min.
Nuclei were harvested from between the 35% and 60% layers and diluted with 5 volumes of
nuclei isolation buffer minus ethidium bromide. Nuclei were collected by centrifugation at 8,000
RPM for 10 min in a JS-13 rotor.

Genomic DNA was isolated from the purified nuclear pellet. The nuclear pellet was
suspended in 10 ml of 250 mM sucrose, 10mM Tris-HCl (pH 7.2), 5 mM MgC92. Following
suspension, 11 ml of 10 mM Tris-HCl (pH 8.0), 20 mM EDTA, 2% N-laurosarkosine (w/v) and
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200 tg/ml proteinase K was added, and the nuclei were incubated for 2 hr at 550C. After the

addition of 21 g of CsCl and 1 ml of 10 mg/ml ethidium bromide, DNA was banded by

centrifugation at 45,000 RPM at 200C for 36 hr in a Beckman 70.1 Ti rotor. Genomic DNA

was collected, the ethidium bromide was partitioned into isopropanol saturated with 3 M CsCl,

and the DNA was dialyzed against 10mM Tris-HCl (pH 8.0), 1 mM EDTA. DNA isolated by

this procedure was highly enriched for nuclear DNA but may still have contained some
chloroplast DNA.
Construction of an A. thaliana genomic library
A cosmid library in pOCA18 was constructed by digesting A. thaliana genomic DNA with TaqI
under conditions where partial digestion occurred and the mean size of the digestion products
was 25 kb. Digestion products ranging in size from 15-30 kb were purified from low melting
point agarose (International Biotechnologies, Inc., New Haven, CT) by phenol extracting melted

gel slices. Size-selected fragments were ligated with a 4-fold molar excess of dephosphorylated
ClaI digested pOCA18 at a final DNA concentration of 200 ,ug/ml. The ligated DNA was
packaged into bacteriophage X particles using Gigapack (Stratagene Cloning Systems, San

Diego, CA) and transduced into E. coli HB101 or SM10 as recommended by the packaging
extract manufacturer.
Identification of the A. thaliana AHAS gene
Plasmid pBL104 contains a 2.15 kb segment of the A. thaliana AHAS gene as an E&QRI
fragment (B. Lalonde and G. Fink, personal communication). This fragment was gel purified,
labeled by nick translation and used as a hybridization probe to identify A. thaliana genomic
clones containing the AHAS gene (20). Four different AHAS genomic clones were identified
when colony lifts containing 20,000 colonies from the pOCA18 A. thaliana genomic library were
probed.
Mobilization of plasmids
Plasmids were mobilized into A. tumefaciens either in triparental matings using
MM294(pRK2013) as the helper strain (31), or directly from the "mobilizing" strain SM10 (18).
Mobilization frequency is expressed as the fraction of recipient cells which were transconjugates.
Plant transformation and tissue culture
Preconditioned N. tabacum cv Wisconsin 38 leaf discs were co-cultivated with A. tumefaciens
according to Horsch et al. (32,33) except that the feeder cells were omitted. Transformed shoots
were regenerated on solid MS media supplemented with 1.0 .g/rnl benzyladenine, 0.1 gig/ml
naphthalene acetic acid, 300 gg/ml kanamycin and 500 gg/ml Claforan (Hoechst-Roussel
Pharmaceuticals, Inc. Somerville, NJ). Transformed shoots were rooted on solid media
containing MS salts (Gibco Laboratories, Grand Island, NY) and 100 gg/ml kanamycin. In

some experiments (indicated in the text), chlorsulfuron was substituted for kanamycin.
Chlorsulfuron was generously provided by Dr. E. Beyer, Jr. of E. I. duPont de Nemours and
Co., Wilmington, DE.
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Chlorsulfuron and kanamycin sensitivity of callus growth from surface-sterilized leaf
discs was determined on solid MS media supplemented with 2.0 ±g/ml naphthalene acetic acid,
0.5 ig/ml benzyladenine and chlorsulfuron and kanamycin as indicated.
Isolation and analysis ofDNA from transgenic plants
Total genomic DNA was prepared from transgenic plant leaves according to Dellaporta et al.
(34). Genomic DNA (10 jg) was digested with E&QRI and subjected to electrophoresis in a
0.8% TBE agarose gel (20). Genomic DNA was transferred to Genescreen-plus (DuPont Co.
NEN Products, Boston, MA) and hybridized according to the manufacturers instructions.
Hybridization probes were synthesized using a nick translation kit (Boehringer Mannheim
Biochemicals, Indianapolis, IN) according to the manufacturer. Autoradiography was performed
at -700C using an intensifying screen.
Plant genetics
Transformed plants were self pollinated and mature seeds were collected. Seeds were surface-
sterilized by soaking in full strength Clorox containing 0.1% Tween 20 for 6 min and then rinsed
4 times with sterile H20. Sterile seeds were plated on solid media containing MS salts and the
appropriate selective agent (kanamycin 200 tg/ml or chlorsulfuron 500 nM). Segregation of
markers was scored when the first secondary leaf was just emerging on resistant seedlings.

RESULTS AND DISCUSSION
The construction ofpOCA18 is described in Methods; a map of pOCA18 is shown in Fig. 1.
pOCA18 contains the cis-signals necessary for efficient transfer ofDNA into plants (i.e., the
right border, "overdrive", and the left border sequences of the Ti plasmid). The region of
pOCA18 that is transfenred (T-DNA) into the plant genome contains a chimeric neomycin
phosphotransferase (NPT-II) gene that confers kanamycin resistance to transgenic plants.
pOCA18 transforms tobacco
Tobacco (E. tbacum) leaf discs were co-cultivated with A. tamefaciens strain LBA4404
containing pOCA18 as described in Materials and Methods. In the presence of 300 gg/ml
kanamycin, an average of 2.5 kanamycin resistant shoots were obtained per leaf disc. No
kanamycin resistant shoots were obtained with leaf discs co-cultivated with LBA4404 not
containing pOCA18. Kanamycin resistant shoots were rooted in the presence of 100 g±g/ml of
kanamycin, then transferred to soil (see Methods for details).

To determine whether pOCA18 T-DNA was present in the kanamycin resistant plants, a
Southern blot containing EcRI digested genomic DNA from thre independent kanamycin
resistant plants (regenerated from different leaf discs) and an untransformed control plant was
probed with labeled pOCA18 (Fig. 2A). Hybridization to a 3.2 kb EcoRI fragment was
observed with genomic DNA from the kanamycin resistant plants (Fig. 2A, lanes 1-3), whereas
no detectable hybridization to control DNA was observed (Fig. 2A, lane C). Because pOCA18
contains only one EcoRI restriction site (see Fig. 1), EcRI digestion of single pOCA18 inserts
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LB NOS:NPT:OCS pIAN7 COS RB "overdrive"
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Figure 1. Map ofpOCA18. The genetic loci indicated are; LB, left border repeat; NOS-NPT-
OCS, a chimeric gene which is expressed in plant cells and confers resistance to kanamycin;
nAN7 contains a ColEl plasmid origin of replication and a bacterial supF tRNA gene (27); COS,
the cos region from phage lambda; RB, right border repeat; TET, a bacterial tetracycline
resistance gene. The direction of transcription for the NOS-NPT-OCS gene is indicated by the
arrow. The T-DNA region contains the go site, xAN7 and the NOS-NPT-OCS gene is
delimited by the right and left border sequences. The restriction sites indicated are: B, BamHI;
C, ClaI; E, EcQRI; H, HindIH; K, UnLI; P, PstI; and S, aII.

should produce only border fragments. However, tandem arrays of the pOCA18 T-DNA
(delimited by the left and right borders) should contain internal 3.2 kb EcoRI fragments (see Fig.
1). The occurrence ofT-DNA arranged in tandem arrays has been reported previl-usly (14,35).
Longer exposures of the Southern blot shown in Fig. 2A revealed weaker bands of different size
in the different transgenic plants; these probably represent border fragments between the pOCA18
T-DNA tandem arrays and the tobacco genomic DNA (not shown). The ratio of hybridization
intensities between these presumptive border fragments and the 3.2 kb internal fragments
indicated that 5-10 copies of the 3.2 kb fragment were present per haploid genomic equivalent.

The presence of the 3.2 kb EcRI fragment with homology to pOCA18 in the kanamycin
resistant plants is consistent with the interpretation that the border sequences functioned properly
to delimit the pOCA18 DNA transferred. This interpretation is supported by the observation that
hybridization to regions outside of the borders was not detected when a duplicate filter to the one
shown in Fig. 2A was probed with pTJS 133, a plasmid largely co-linear with pRK290 (36) (data
not shown).
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Figure 2. Genomic blots of transgenic tobacco plants. Genomic blots were prepared and
hybridized as described in Methods. The plasmid which was used both to construct the
transgenic plants and then as a hybridization probe is indicated below the panel. Numbered lanes
contain genomic DNA from different transgenic plants and lanes labelled C contain DNA from
control (untransformed) plants. Plasmids pA4 and pA5 are A. timngenomic clones.
Plasmids pAHAS5, 24 and 29 are three independent A. 1bIaagenomic clones that contain the
AHAS gene. -o marks the predicted location of the &2RI fragments that are internal to the
genomic clone analyzed in the panel. -a, indicates the predicted locations of T-DNA fr-agments
common to all thre AHAS genomic clones. -band -c, indicate the predicted location ofECRI
fragments which are specific to pAHAS24 and pAHAS29, respectively.

Construction of an A. thaliana grenomic librar
An A. thlaagenomic library was constructed in pOCA18 by cloning size-selected .gWI partial
digestion products of A. thaliana genomic DNA in the Lia site of pOCAl8. The avenage size of
the A. ibiaainserts was approximately 20kb.

To determine whether A. thlaaDNA inserts in pOCAl18 were stably maintained in F,
coli and A. tumefaciens, 21 random cosmid clones were conjugated from E. Qgii to A.
tumefaciens and then back into E. coli. Following these conjugations, cosmid DNA was isolated
from the resulting 21 E. coli strains and the E~R digestion patterns of the cosmid DNAs were

compared to the digestion patterns of the cosmid DNAs prior to the conjugations. For each of the
21 cosmids tested, a single A. tumefaciens transconjugant was chosen as donor to re-conjugate
the plasmid back to fl. 0jj. Twenty clones did not undergo detectable changes during these
conjugations; however, the imajority of the insert in one clone was deleted (data not shown).
Interestingly, intact copies of this apparently unstable clone must have been present in the A.
tumefaciens trasconj.ugant; when the A. tumefaciens transconjugant containing this clone was
used to transform N. tabacumn leaf discs, a plant containing an intact copy of the T-DNA was

obtained (Fig. 2B, lane 1).
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Table 1. Frequency of mobilization from E. coli to A. tumefaciens

Plasmid Donor Helper Mobilization
strain straina frequency x10-2

pOCA18 SM1o - 15
pOCA18 MC1061 + 30
pAl HB101 + 1.0
pA2 HB101 + 1.2
pA3 HB101 + 1.7
pA4 SM10 - 13
pA5 SM10 - 6.0
pA6 SM10 - 3.0
pA7 SM1O - 1.0
pA8 SM10 - 6.0

aMM294(pRK2013) was used as a helper strain.

In contrast to the results we obtained with pOCA18, we previously reported that A.
thaliana libraries constructed in another binary cosmid vector (pOCA7.9) were unstable in A.
tumefaciens, with 70% of the clones suffering deletions of the insert DNA (37). pOCA18 and
pOCA7.9 are based on the RK2 derived plasmids pRK290 and pTJS75, respectively. pRK290
contains an additional 13.3 kb of RK2 compared to pTJS75 and the additional RK2 sequences in
pRK290 have been shown to confer greater stability of maintenance in a number of Gram
negative bacteria (36). It is possible that these sequences also confer stability to the genomic
inserts in the pOCA18 vector. Another possibility is that the stability of A. thaliana clones in

RK2 replicons is proportional to the amount of A. thaliana DNA they carry and that the additional
A. taiana DNA carried in pOCA7.9 genomic clones compared to pOCA18 (approximately 13
kb) destabilizes them. Klee et al. (1) have also observed instability of genomic clones in a binary
vector based on pTJS75 and stability of genomic clones in vectors based on the larger RK2
replicon, pRK292.

Genomic libraries constructed in pOCA18 must be transferred from E. coli to A.
tumefaciens for use in phenotypic complementation experiments. In order to maintain a similar
representation of individual genomic clones in E. coli and A. tumefaciens, all clones must
transfer from E. coli to A. tumefaciens at approximately the same frequency. To investigate this
matter, we measured the frequency of mobilization ofpOCA18 and eight pOCA18 clones
containing 20 kb A. thaliana DNA inserts from E. ci into A. tumefaciens (Table 1). The
mobilization frequencies of genomic clones observed in triparental and biparental matings were
similar and were all within 13 fold of each other, suggesting that most genomic clones in the
libray mobilize at similar frequencies; thus, the representation of clones in the library should be
miniimally affected by the transfer process, itself. However, the representation of the clones will
be affected by the statistical dispersion that occurs during this process (see below).

Although pOCA18 itself mobilized at a higher frequency than several pOCA18 cosmids
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containing inserts, the frequency in the library of clones containing no inserts was less than 1%,
making it unlikely that the representation ofpOCA18 would be greatly amplified during
mobilization of the library to A. tumefaciens.
Transformation of N. tabacum by pOCA18 A. thaliana genomic clones
Seven randomly chosen pOCA18 A. thaliana genomic clones were tested to determine whether
they could transform tobacco leaf discs. In addition, three different genomic clones which
contained a mutant A. thaliana acetohydroxy acid synthase (AHAS) gene were pooled together
and used to transform tobacco leaf discs (see below). All seven pOCA18 genomic clones and the
pooled AHAS clones appeared to transform N. tabacurn leaf discs; shoots resistant to 300 Jg/ml
kanamycin were obtained at frequencies ranging from 0.2 to 0.5 shoots per disc following co-
cultivation with A. tumefaciens strain EHAlOlA containing the pOCA18 clones (data not
shown).

The EcoRI digestion patterns of the T-DNA in 18 transgenic plants (two or three from
each of the eight transformation experiments) were analyzed to determine if rearrangements in the
T-DNA had occurred; representative data is shown in Fig. 2B-D. We were unable to determine
the structure of the transferred A. thaliana DNA from two of the transgenic tobacco plants
because the pOCA18 clone used in these cases contained A. thaliana T-DNA sequences
homologous to repetitive tobacco sequences (data not shown). The otherpOCA18 A. thaliana
clones had only weak or no homology to DNA from untransformed tobacco plants. Ten of the
transgenic tobacco plants contained A. thaliana DNA sequences which had the same EcoRI
digestion pattern as the original clone in E. coli. In two transgenic plants, most of the A. thaliana
DNA was deleted. In the other four cases where deletions occurred, only one or two of the
EcoRI bands were altered. The occurrence of deletions did not appear to be specific to any
particular clones. In the case of the AHAS clones and in five out of the six random genomic
clones which could be analyzed, at least one of the analyzed transgenic plants had no deletions in
the A. thaliana DNA.

When duplicate Southern blots of the ones described in Fig. 2 were hybridized with
labeled pTJS 133 DNA, no hybridization was detected (data not shown), indicating that pRK290
vector sequences were not stably transferred and that both the left- and right-border sequences
were probably functioning to delimit the DNA stably incorporated into the tobacco genome.
The A. thaliana AHAS gene is expressed in N. tabacum
The A. thaliana library described in this paper was constructed using genomic DNA from an A.
thaliang mutant (mutant line GH50, mutant csr-l; 28) that is resistant to the sulfonylurea
herbicide chlorsulfuron. Chlorsulfuron inhibits acetohydroxy acid synthase (ALAS;
E.C.4.1.3.18), the first enzymatic step specific to the branched-chain amino acid biosynthesis
pathway. The csr-1 mutation is due to a mutation in the ALAS gene (37).

To determine whether the mutant A. thaliana AHAS gene could be expressed and whether
its product could function in transgenic N. tabacum plants, we isolated pOCA18 clones fiom the
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Table 2. Chlorsulfuron-resistant shoot and callus growth

Number of shootsa Callus numberbl

10 days post- 4 weeks post- 4 weeks post-
cocultivation cocultivation cocultivation

Chlorsulfuron AHAS pAlO pAHAS pAlO pAHAS pAlO
(nM)

0 ++++ ++++ ++++ ++++ ++++ ++++
1 ++++ ++++ ++++ ++++ ++++ ++++
10 ++++ ++++ ++++ ++++ +++ +
25 ++ + ++ ++ ++
50 + - + + ++
100 + - + ++
1000 - -

aShoot numbers ranged from: ++++, multiple shoots per leaf disc; to +, 2-4 shoots per 16 leaf
discs. - indicates that no shoots were present.
bOnly grow%ing callus was scored. Some leaf discs initially produced a small amount of callus
which did not grow. Callus numbers ranged from: ++++, I per leaf disc; to +, 4-5 per 16 leaf
discs. - indicated that no callus was present.

A. thaliana library containing the mutated AHAS gene, used these clones to construct transgenic
N. tabacum plants, and tested the transgenic plants for chlorsulfuron resistance. Three different
pOCA18 clones containing the A. tlina AHAS gene were identified by the colony
hybridization procedure using a wild-type A. thaliana AHAS probe provided by B. Lalonde and
G. Fink. These clones were mobilized into A. tumefaciens strain EHAlOlA and a mixture of the
three A. tumefaciens strains containing the AHAS clones were co-cultivated with N. tabacum leaf
discs. Table 2 shows that when inoculated leaf discs were placed on 50 and 100 nM
chlorsulfuron, shoots were obtained within eight days whereas no shoots were observed on the
control discs; however, with time, shoots also appeared on the non-transformed leaf discs. The
kanamycin sensitivity of 7 shoots that had been transforned with the AHAS clones was
determined by transferning them to rooting media (see Methods) containing 100 jg/ml of
kanamycin; only one shoot formed roots and the remaining shoots became bleached and died.
Authentic transformants do not die and generally form roots on this media (data not shown);
suggesting that the majority of the shoots obtained in the presence of 50 or 100 nM chlorsulfuron
were escapes.

In addition to shoot growth, in the case of the leaf discs that had been transformed with
the AHAS clones, callus growth was also observed after about three weeks. Callus growth
appeared to be more sensitive to chlorsulfuron than shoot growth; no growing callus was
observed on control discs incubated with 25 nM chlorsulfuron (Table 2). In contrast to the
shoots that formed in the presence of chlorsulfuron, the callus that formed under this selection
appeared to all be transformed because it was possible to generate shoots that were resistant to
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300 gg/ml of kanamycin from each of the 7 separate pieces that were tested. In addition, these
shoots all formed roots on rooting media containing 100 jg/ml of kanamycin (data not shown).

It is unlikely that the shoots initially selected on chlorsulfuron were really transformed
and were expressing chlorsulfuron but not kanamycin resistance, since all of the callus selected
on chlorsulfuron produced kanamycin-resistant shoots. A more likely explanation is that shoots
are less sensitive to chlorsulfuron than callus and that shoot development in the presence of
chlorsulfuron is a mechanism for escaping the chlorsulfuron selection. In support of this
explanation, we have observed that many shoots which form following kanamycin selection
appear to derive from callus tissue, whereas shoots which arise following chlorsulfuron selection
do not go through a callus intermediate (data not shown).

Three tobacco plants that presumptively contained the A. thaliana AHAS gene were used
in further studies. These three plants were regenerated using different selection schemes. The
first plant (AHAS-1) was selected as a shoot in the presence of 50 nM chlorsulfuron and then
was rooted in the presence of 25 nM chlorsulfuron. The second plant (AHAS-2) was selected as
a shoot in the presence of 300 jg/ml kanamycin and then rooted in the presence of 100 jg/ml
kanamycin. The third plant (AHAS-3) was derived from callus selected in the presence of 50 nM
chlorsulfuron that was induced to shoot and root in the presence of 300 and 100 ig/ml
kanamycin respectively.

Southern blot analysis revealed that all three chlorsulfuron resistant tobacco plants
contained complete and unrearranged copies of the T-DNA from the AHAS genomic clones (Fig.
2D lanes 1-3). These three plants were regenerated from leaf discs that had been co-cultivated
with a mixture of three different genomic clones, each of which has EcoRI restriction fragments
which are unique to, and diagnostic for, that clone. Because two of the AHAS-transformed
plants contained EcoRI fragments corresponding to the unique EcoRI fragment(s) for more than
one AHAS genomic clone (Fig. 2D lanes 2 and 3), we concluded that these plants had
regenerated from a cell that had been transformed by more than one AHAS genomic clone or that
these shoots had arisen from more than one transformed cell. Consistent with this interpretation,
these unique EcoRI fragments were present in fewer copies than the fragments which are
common to all of the AHAS clones. On the other hand, we have not ruled out the possibility that
these presumptive diagnostic EcoRI fragments may have arisen by rearrangement of the A.
thaliana DNA or that they represent the border fragments between the T-DNA and the tobacco
genome.

The level of chlorsulfuron resistance conferred by the A. thaliana AHAS gene in the
tobacco transformants was determined by assaying callus growth on different concentrations of
chlorsulfuron (Fig. 3). Callus growth from control (untransformed) leaf discs was reduced by 5
nM and completely inhibited by 10 nM chlorsulfuron. Callus derived from AHAS-transformed
leaves was resistant to at least a 20-fold higher concentration of chlorsulfuron than control callus.
Vigorous callus growth was observed from AHAS leaf-discs at 100 nM, the highest
concentration of chlorsulfuron tested (Fig. 3).
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Figure 3. Chlorsulfuron sensitivity of transgenic plants. The chlorsulfuron sensitivity of callus
growth on leaf discs derived from either plants transformed by genomic clones containing the
AHAS gene (ALS1-ALS3) or genomic clone pA10 (a non-AHAS encoding clone) was assayed
as described in Methods. The concentration of chlorsulfuron or kanamycin included in the media
is indicated below the leaf discs.

Haughn et al. (38) have also identified genomic clones of the mutant AHAS gene which
is responsible for the csr-l mutation and used these clones to generate chlorsulfuron resistant N.
tabacum plants.
Genetic segregation of kanamvcin and chlorsulfuron resistance
Twenty-one transgenic tobacco plants were allowed to self-pollinate and set seed. Eighteen of
these plants were transformed with A. thaliana genomic clones, and three were transformed with
pOCA18 alone. These plants were the source of the genomic DNA that was used in the T-DNA
structural analyses described above. Three of these plants were infertile and two had poor seed
yields. For sixteen plants that had good seed yield, the ratio of kanamycin-resistant to
kanamycin-sensitive seed progeny was scored by sowing the seeds on 200 gg/ml kanamycin (see

Materials and Methods; Table 3). Kanamycin resistant plants grew at similar rates and appeared
normal in both the presence and absence of kanamycin. Kanamycin sensitive progeny only grew
to the expanded cotyledon stage and the cotyledons had a bleached appearance in the presence of
kanamycin. Segregation ratios for the seed progeny from 10 plants were consistent with the
hypothesis that kanamycin resistance was segregating as either a single (segregating 3:1), two
independent (segregating 15:1) or four independent (segregating 255:1) Mendelian loci (Table 3).

The segregation of kanamycin resistant and sensitive seedlings from six plants was not
consistent with simple Mendelian inheritance. All of the progeny from three plants (4-2, 10-1,
and 18-3) were sensitive to kanamycin (Table 3). In two of these cases, analysis of genomic
DNA from the parent plant indicated that the parent plant was transformed (Fig. 2A, lane 3 and
Fig. 2B, lane 2). It is possible that the selectable marker was present in the progeny but not
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Table 3. Segregation of resistance markers in transgenic progeny

Kanamycin selection Chlorsulfuron selection

Parent Resistant sensitive Predicted Resistant Sensitive Predicted
Ratioa Ratio

2-lb 187 60 3:1
2-2 188 58 3:1
3-2 151 37 3:1
4-1 114 33 3:1
4-2 1 487 ---

5-2 193 62 3:1 0 182
6-1 171 69 3:1
6-2 114 9 15:1
10-1 2 475 ---

10-2 200 60 3:1
AHAS1 231 82 3:1 114 16 *
AHAS2 223 38 * 82 12 *
AHAS3 383 0 --- 260 0
181 465 2 255:1
182 140 31 *
183 1 328 ---

aThe chi-square value was calculated for the ratio predicted and the ratio is indicated only if
P>0.05. * indicates that the ratio falls between 3: 1 and 15: 1.
bParents 2-1 thru AHAS3 were all transformed using genomic clones. 181, 182 and 183 were
transformed using pOCA18.

expressed or that the original transformed plants contained both transformed and nontransformed
cells and that the germ line was derived from nontransformed cells. We have not tried to resolve
this question. Loss of kanamycin resistance in progeny of transformed plants has also been
observed and discussed by Budar et al. (39).

The segregation ratios for the progeny from two plants (AHAS-2 and 18-2) were
intermediate to those predicted for segregation at a single locus or at two unlinked Mendelian loci.
Segregation from multiple linked loci could explain these ratios. However, the reason for this
segregation pattern is unclear. Finally, all of the seed progeny from the AHAS-3 plant were
resistant to kanamycin. This could have been caused by transformation at multiple loci, or by
gene conversion. No simple correlation is apparent between the integrity of the T-DNA and the
inheritance pattern of the kanamycin resistance marker. Interestingly, all of the parents which
had poor seed yield or were infertile contained an intact copy of the T-DNA (data not shown). It
is not clear if the presence of intact A. thaliana DNA affected the fertility of these plants or if the
infertility was caused by some other factor such as passage through tissue culture.

Segregation of chlorsulfuron resistance was scored in the seed progeny ofAHAS
transformed plants (see Materials and Methods section; Table 3). Under the selection conditions
employed (500 nM chlorsulfuron), germination of control (transformed with a non-AHAS clone)
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Table 4. Statistical dispersion of 4 kb genes in an A. thaliana genomic library during transfer

Gene frequency Gene frequency Plants required
Library size lower 99.5% Number of lower 99% for 95%
in E. coli confidence bound transconjugates confidence bound probability of

observing at
least one

complementation
(Ni) (fl)a (N2) (f2)b (N3)c

1 x106 1.50 x 10-5 2.15 x 105
5 x 104 2.88 x 10-5

1 x 107 2.44 x 10-5 1.32 x 105

1 x 106 5.24 x 10-5 6.14 x 104
l x 105 7.46 x 10-5

1 x 107 6.76 x 10-5 4.76 x 104

1x106 1.06x 10-4 3.04x 104
5 x 105 1.36 x 10-4

1x107 1.26x 10-3 2.55x 104

1 x106 1.19 x10-4 2.71 x104
1x106 1.50x10-4

1 x 107 1.40 x 10-4 2.29 x 104

1 x 106 1.36 10-4 2.37 x 104
5x106 1.70x 10-4

lx 107 1.59 x 10-4 2.02 x 104

lx 106 1.40 x 10-4 2.30 x 104
1 x 107 1.74 x 10-4

lx 107 1.63x 10-4 1.97x 104
a) fl=P-[2.57 ]IP(1-P) 1JFi]; Where P is the frequency of fragments containing an intact
copy of a unique 4 kb gene in an infinitely large population of randomly generated 17 kb A.
thaliana genomic DNA fragments and 2.57 is the 99.5 percentile point of the standard normal
distribution. P = 1/5400 = 13,000 / [7 x 107 - 5 (17,000)] where 7 x 107 - 5 (17,000) is the
number of different possible 17 kb fragments which can be generated by randomly shearing
the 7 x 107 A. thaliana genome and 13,000 is the number of different possible 17 kb fragments
which can contain intact copies of the 4 kb gene. 5 (17,000) is a correction for size bounded
end fragments.
b) f2=f4-[2.57J?fi(-fl) II2]F; since fl is calculated using the 99.5 percentile point of the
standard normal distribution and f2 is calculated using the 99.5 percentile point of the standard
normal distrbution, f2 represents the product of these percentile points, or the lower 99%
confidence bound.
c) N3 is the smallest solution to N3 > ln(1-.96)/ ln(l-f2) so that .95 confidence is given by the
product of 0.96 and 0.99 from the previous column.
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seed progeny was delayed 4-5 days. Following germination the cotyledons were only partially
green and did not expand. Root growth was also inhibited. Germination of chlorsulfuron-
resistant seeds was similarly delayed. However, following germination, resistant seedlings
developed normally. The segregation ratios observed for both chlorsulfuron resistance and
kanamycin resistance were similar in seeds from AHAS-2 and AHAS-3 (Table 3). Segregation
frequencies for chlorsulfuron resistance in AHAS-1 progeny were intermediate between those
predicted for segregation from either a single locus or two independently segregating loci. In
AHAS-1 progeny, segregation of kanamycin resistance was consistent with segregation from a
single locus.

One possible explanation for the discrepancies in the segregation frequencies of the
kanamycin and chlorsulfuron resistance markers in AHAS-1 is that chlorsulfuron inhibited the
germination of a fraction of the sensitive but not resistant seeds; seeds which did not genminate
were not scored. Since the segregation frequencies for both kanamycin and chlorsulfuron
resistance in the progeny of the different transgenic plants varies while the segregation frequency
for both kanamycin and chlorsulfuron resistance are similar within the progeny of each transgenic
plant (Table 3), it seems likely that the chlorsulfuron resistance observed in AHAS-transformed
tobacco plants was due to the expression of the A. thaliana AHAS gene.
Statistical dispersion of the library during transfer
Simoens et al. (16) calculated the statistical dispersion that will occur when an A. thaliana
genomic library containing 15,000 members is transferred from E. coli to A. tumefaciens and
then to plants. They calculated that 5.4 x 105 independently transformed plants would have to be
generated to have a 95% probability of recovenng a specific clone.

Because it is easier to increase either the size of the A. thalina genomic library in E. coli
or the number of A. tumefaciens transconjugants than it is to generate additional transformed
plants, we calculated the effects of library size and A. tumefaciens transconjugant population size
on the number of transformed plants which must be generated in order to have a 95% probability
of observing a complementation event (Table 4). These calculations were made assuming that
cloning, mating and transformation are all random events, that the average gene size is 4 kb, the
average insert size is 17 kb and that the A. thaliana genome is 7 x 107 bp (2). As shown in Table
4, increasing either the library size or the number of A. tumefaciens transconjugants reduces the
number of transgenic plants that must be generated (Table 4). Starting with a genomic library
containing 1 x 107 members and an A. tumefaciens transconjugant population of 1 x 107, the
lower confidence bound on the occurrence of each unique A. b4iana gene is 1.66 x 104. To
have a 95% probability of observing complementation with a clone represented at this frequency,
it is necessary to generate 1.97 x 104 transgenic plants. For comparison, intact copies of a
unique 4 kb gene are represented in an infinite population of randomly generated 17 kb fragments
of A. thaliana genomic DNA at a frequency of 1.85 x 104 (Table 4). If this representation could
be maintained in the A. tumefaciens population, 1.62 x 104 transgenic plants would be required
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in order to have a 95% probability of observing complementation for any 4 kb gene.
It should be noted that the number of transgenic plants that must be generated to observe

complementation is affected by the frequency of transformants containing intact T-DNA inserts.
We have not tried to take into account the frequency of intact T-DNA inserts that is observed with
the A. thaliana genomic library and calculate the number of transformants that must be obtained to
observe complementation; although 38% of the transgenic plants obtained with this library lacked
intact T-DNAs all contained some T-DNA (see above) and it is not clear how to deal with them in
these calculations. However, the number of transformants that must be generated with this
genomic library may be close to the values presented in Table 4 because we have calculated these
values using 17 kb as the value for the average insert size and the average insert size in the library
is actually 20 kb.

The data presented in Table 4 clearly indicate that effort spent generating a large library in
E. coli and large numbers of A. tumefaciens transconjugants is well spent in view of the savings
in the number of transgenic plants required. Generating an A. thaliana genomic library
containing 1 x 107 members in pOCA18 should not be a problem since we generally obtain 2 x
106 library members/pg of size selected A. thaliana DNA in pOCA18 or closely related
derivatives (37). An additional advantage of keeping the number of transgenic plants low is that
as more transgenic plants are required to observe complementation it becomes more likely that
spontaneous reversion of the mutation will interfere with detection of complementation events.

Conclusions
We have constructed a binary cosmid cloning vector, pOCA18, designed to transfer plant
genomic libraries from A. tumefaciens to plants in phenotypic complementation experiments. We
constructed an A. thaliana genomic library in pOCA18 that is stable in both E. coli and A.
tumefaciens. When A. thaliana genomic clones were used to construct transgenic tobacco plants,
62% of the transgenic plants contained intact copies of the A. thaliana genomic DNA. We also
used pOCA18 to transfer a mutant A. thaliana AHAS gene that encodes chlorsulfuron resistance
into tobacco; the resulting transgenic tobacco plants were chlorsulfuron resistant and 62% of the
progeny of the transgenic plants segregated the kanamycin resistance marker in a simple
Mendelian fashion.

Simoens et al. (16) have calculated that to clone a gene by phenotypic complementation
using an A. thaliana genomic library containing 15,000 members, 5.4 x 105 transgenic plants
must be generated to have 95% chance of success. However, we present calculations indicating
that by increasing the size of the E. coli library to 1 x 107 members and by using an inoculum
containing 1 x 107 A. tumefaciens transconjugants, only 1.97 x 104 transgenic plants need to be
regenerated.

Concurrent with this work, Klee et al. (1) rescued a model gene encoding kanamycin
resistance from the A. thaliana genome by phenotypic complementation in callus following
"shotgun transfer" of a genomic library into Petunia cells. The gene which was rescued was a
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chimeric gene consisting of the bacterial neomycin phosphotransferase gene that had been
introduced into the A. thaliana genome by A. tumefaciens mediated transformation. It remains to
be demonstrated that this approach will work with endogenous genes.
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